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I NTRODUCTIOI~ 
Al though both cobal t and zirconium have been available 
for many years, their development was slow until recently 
when their proper•ties were f ound to be suited to some of the 
newer applications. The present r esearch was undertaken as 
part of a program to investiga te alloys of possible use at 
elevated temperatures with emphasis on t hose which mi ght be 
useful in nuclear reactors . 
Zirconium, discovered by Kl aproth in 1789, was first 
reduced to the metal by Berzelius in 1~24. Al though 
zirconium r anks twentie th in abundance of the elements , 
quantity production of the metal was not begun until about 
1944 after development of the Kroll process. The delayed 
development of the metal was due to the difficulty of reduc-
ing zirconium and to the fact that early processes left 
impurities which obscured the de sirable features of the 
metal , giving little incentive for commercial exploitation. 
Zirconium is a silver white metal w1~ich develops a 
slightly gol d color on standing in air due to t he formation 
of a thin oxi de film . I n t he pure sta~e it is soft, the as-
deposited crystal bar mat erial has a Brinel l hardness of 25 
to 30. Iodide zirconium is quite ductile and can be rolled 
to a reduction of 98 percent. At room t emper ature 
zirconi um has a hexagonal close-packed crystal structure 
0 0 
with a0 equal to 3.231 A and c0 equal to 5.148 A. On heating, 
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this metal transforms to a body centered cubic form at 863°C 
0 
with a latt i ce paramet er of 3.609 A. The melti ng point of 
zir conium is 1852°C (1). 
The recent inter est in zi~conitun is due to i t s speci al 
properties. These are: a densi ty of 6.49 gr ams per cubic 
centimeter; good corrosion resistance in many media including 
acids , bases , and high t emperatur e water; a low neutron 
cr oss- section of 0.18 barns per atom; and a great affinity 
:for oxygen, nitrogen , and hydrogen . The first three of these 
properties make zirconium of special inter est as a nuc lear 
r eactor material particul arl y in t he reactor core a s a 
cladding and s t r uctural material where the neutron e conomy 
which zirconium offers often gives it pr eference over 
s tainless steel s . Because of its l ower density, zirconium 
may eventuall y repl ace tantalum in cer tain applications 
r equir ing corr osion r esistance . Zir conium. 1 s affinity for 
gases has won it a place as a "getter " in el ectroni c tubes 
and as a filler in photo f l ash bulbs . 
The element cobal t was discovered by brandt in 1735. 
Although it is only t hirtieth in order of abundance , 
metalli c cobalt was used i n .high speed steels as early as 
1910 •. Cobalt has s ince become Daportant i n magnet steels , 
dental and sur gical alloys , as a binder for cemented 
carbides , a.nd i n hi gh temperature all oys. The earlier 
development of cobal t can probably pe attributed to its 
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presence i n the ores of iron, nickel , copper, and silver 
wher e it forced itself on the attenti on of anyone interested 
i n th.ese metals. 
Pure cobal t has a Brinell hardness of 124. This metal 
is ductile but requires annealing after a 20 to 40 percent 
defor mation to remove work hardening . At room temperature 
cobalt is hexagonal in crystal structur e with a0 equal to 
0 0 2.507 A and c0 equal to 4.609 A, but at 420°C it transforms 
to a face centered cubic structure with a l attice parameter 
0 
of 3 . 544 A. The melting point of cobalt is l~-9 5°C ( 2 ) . 
No previous attempt to investigate the entire zirconium-
cobalt equilibrium diagr am was found i n the literature . 
Koster and Mulfinger (3) examined the composition r ange Oto 
16 w/o z:r. They described a eutectic at 12 w/o zirconium 
and assumed the first intermediate phase to be ZrC04. They 
estimated the solid solubility of zirconi um in cobalt to be 
2 w/o and independent of temper ature , with no noticeable 
effect on the Curie tempera t ure. They also reported that 
the additi on of 2 w/o Zr lowered the cobalt transformation 
to 305°c on heating and to 220°C on cooling. Hascbimoto (4) 
examined alloys .containing up to O. 4 w/ o Zr . He s tated that 
the maximum sol ubility was 0.18 w/o Zr and that the eutectic 
temperature was 1473°c . He also f ound that the Curie 
temperature was lowered from llli-2 °C to 1029°c and that the 
t r ansformation temperatur es in the saturated alloy were 305°c 
l+ 
and 502°C . Shelton (5) examined the microstructures of 
alloys containing from Oto l+5 w/o cobalt, but this work 
was limited to metallography and he concluded only that 
there was probably an intermediate phase in the range 19 to 
45 w/o Co . 
Some ot the intermediate pbases have been studied 
previously. Wallbaum. (6) found zrco2 to be a Laves phase 
of the type Mgcu2 (face centered cubic ) with a; equal to 
6 . 901 A. Jordan and Duwez (7) reported a value of 6 . 94 K, 
while Elliott (8) reported a value of 6 . 940 kx (6 . 926 1). 
Elliott also determined the melting point to be 1650°C and 
stated that there was no polymorphism in the range 600°C to 
1500°c. Dwight ( 9) has reported the existence of the phase 
ZrCo . This phase is of the CsCl type (body centered cubic) 
with a lattice constant of 3.197 K. Bailey and Smith (10) 
0 determined Zr2Co to be tetragonal with a0 equal to 6 .• 363 A 
and e0 equal to 5.469 K. 
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APPARATUS AND PROCEDURES 
The methods employed in this investigation have become 
more or less common in experimental metallurgy. The affinity 
of zirconium for gases required that all work at high temper-
atures be done in either vacuum or an inert atmosphere . In 
most inst ances a vacu~ of 10- 5 .mm . Hg or better was used. 
For arc melting a helium atmosphere was used however, and in 
the preparation of alloys by sintering the zirconium hydride 
decomposed to produce a hydrogen a tmosphere which was 
.eventually evacuated . 
Preparation of Alloys 
~terials 
The zirconium used in t his investigation wa s obtained 
from the Atomic Power Division of the Westinghouse Electric 
Corporation. 'lhis material was low- hafnium crystal bar 
zirconium which had been arc melted and fabricated into 
plates. High purity cobalt was obtained from the Jarrel ... Ash 
Company in the form of 5 mm . rod . A lower purity material 
was supplied by the Kulite 'l'ungsten Company as 0 . 25 inch rod 
and 0 . 040 inch sheet. Analyses of these materials are 
contained in t he Appendix. The zirconium hydride for powder 
metallurgy was low- hafni um material produced by Metal 
Hydrides Incorporated i n t he form of - 325 mesh powder . The 
cobalt powder had a purity of 99 .. 6+ percent and a particle 
6 
size of one to t\10 microns. 'l'his powder was obtained from 
Charles Hardy Incorporated. 
Arc-melting 
One series of alloys was prepared by melting the compo-
nent metals on t .he water- cooled copper hearth of a non-
consumable tungsten elec trode arc furnace described by 
Williams and Levingston (11). The chamber was evacuated 
to a pr essure of 0.5 x 10- 5 mm . Hg. It was then filled with 
the helium atmosphere used during melting. The first change 
melted was always 50 to 60 gms . of zi rconium to act as a 
getter for oxygen and nitrogen in the helium. The alloy 
charges wei ghed f r om 10 to 40 gms . and were melted at l east 
three times . The ingots were tur ned after eac.h mel t and the 
larger ones were cut in two with t he arc so that t he second 
half could be added to t he molten pool of the first hal f . 
The ingots pr oduced in t his manner were one quarter to one 
half inch t i.1iok and one half inch to an inch and a quarter 
in diameter depending on the amount of metal contained . At 
least two sections t hrough each ingot were examined 
metallographically before t he ingot was used experimentally 
to insure that there were no gross inhomoge'neities . In those 
alloys wrdch could be prepared by arc melting there was 
little difficulty in producing a homogeneous ingot . 
Since the wei ght loss by splat tering and vaporization 
was such as to produce an uncert8.inty of 0 .1 w/o cobalt , and 
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since past experi~nce has shown that contamination by the 
copper hearth of the tungsten electrode is not a problem in 
t his apparatus, the compositions reported here are the 
intended compositions. 
Difficulty was encountered in producing alloys containing 
between 55 and 65 w/o C0 by t his method . Arc melted ingots 
o! t hese alloys were quite brittle. After cooling from the 
first melt, these ingots w~uld crack into sever al pieces . If 
an attempt was made to melt them·a second time, the ingots 
would disintegrate i nto tiny shards . Since it was felt that 
a homogeneous ingot could not be prepared in one melting, a 
differ ent method was used to make these alloys .• 
Powder metall~!_gz 
Powder metallurgy was found to be satisfactory for 
' preparation of the troublesome alloys mentioned above. 
Zirconium hydride was used rather t han zir conium powder for 
the compacts . On heating, t he hydride decomposes at 900°c 
1000°c to give a zirconium powder which is cleaner and more 
to 
reactive than one that has been exposed to the atmosphere a s 
metal . Since the hydride is less pyrophoric than zirconium 
powder , it is safer to handle . It was also felt that the 
reducing atmosphere produced when t he hydride decomposed 
would tend to remove any oxide film from the cobalt powder. 
The proper amounts of tbe i ndividual powders were weighed 
out to give about 10 gms. of a lloy . Sufficient excess of the 
8 
hydride was -added to compensate for the weight loss due to 
the evolution of hydrogen. The powders were weighed to the 
nearest 0 . 01 gm . and mixed by tumbling overnight in 
cylindrical glass vials. After mixing, the powders -were 
compact·ed at a pressure of 34 tsi. into bars 4.49 cm. long 
by 0.65 cm. wide .. The usual 10 gm. char ge produced a compact 
0~5 to 0 . 6 cm. deep. 
The alloys were sintered in an electrical resistance 
fu.rnace rwith a resistor of 0 . 005 in. tantalum sheet formed 
into a tube 1.25 in. in diameter and 6 in. long . This t ube 
was fastened vertically between_water - cooled copper electrodes 
in a vacuum chamber and surrounded by a tantalum radiation 
shield. The compact was placed in a graphite crucible which 
was suspended within the furnace by tantalum wire . Before 
heating ~ "!;he chamber was evacuated to a p~essure 'or 0. 5 x 10- 5 
mm . Hg , The sample ·was then heated slowly enoug11 . that the 
pressure could be maintained at one micron _of Hg or less _. 
· Once the decomposition was complete, the pressure dropped and 
could be held below 10-5 mm . Hg for the rest of the operation. 
The alloys were s intered for periods of up to twenty hours at 
ll+00°C. The specimen temperature during sintering was 
measured with a Leeds and Northr up pyrometer sighted into 
the crucible through a port in the vacuum chamber. 
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Fabrication and Heat Treatment 
Only those all oys con t aining less than 5 w/o Co could 
be shaped-mechanically. These could be cold rolled to a 
degree of reduction which increased as the zirconium content 
increased . All other alloys were either too britt le to roll 
at all or showed cracks after very slight r eduction. Shaping 
was accomplished by grinding and drilling was done with an 
ultrasonic drill . 
The alloys were equilibrated by annealing before they 
were used, The most difficult alloys to equilibrate were 
t hose con t a i ni ng the peritectic microstructures of zrCoti- and 
zr2co11 , Even these alloys could be equilibrated by holding 
at 1200°c for 48 hours . 
Melting Point Determinations 
The method of determining melting points in this 
investigation was essent ially that of Pirani and 11. lterthum 
(12). The equipment has been described by Williams ( l J) • 
. The bars produced by powder me t allurgy were of the proper 
size for melting point samples.. With the arc-melted alloys, 
a slab about 0.25 inch t hick was cut from the ingot. A 
reduced section about one- eighth inch wide and t hr ee-eighth 
inch long was produced in the bar by grinding . In the middl e 
of this section , a hol e was drilled with a o.o4o inch drill 
to a depth five times the diameter . 
This bar was clamped between water-cooled copper 
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electrodes in a vacuum chamber . The chamber was evacuated to 
a pr essure of 0.5 x l◊-5 mm + Hg and the bar heated by passing 
an el ectric current through it. The current was obtai ned from 
a l arge variable transformer. capable of suppl ying up to 1500 
amperes . A Leeds and Northr up optical pyrometer was sighted 
on the sample through a por t dir ectl y above . Al l readings 
with the pyrometer were corrected for the error intr oduced by 
the sight gl ass on t his port. The hole in t he sample acted 
as a bl a ck body. The sample was slowly heated by increasing 
the current . When the solidus temperature had been exceeded 
and suf ficient liqui d had formed in the bole, the bl ack body 
conditions were destroyed , and a black spot appeared in the 
hole , The last temperature read prior to the appear ance of 
the s pot was taken as the solidus temperature. No attempt 
was made to estimate the liqu i dus temperature by t his method . 
Metallography 
Metallography, especially that of t he arc- cast a lloys, 
was quite useful i n this investigation. The metall ographic 
specimens were for the most part prepared by standard methods . 
Some structv~es such as the fine eutectic at 86 w/o Co 
requir ed special care -and ligb1; et ching ·to preserve detail; 
others such as the pri mar y dendrites of zrco2 in the matrix 
of 42 . 5 w/o Co eutectic were quite easily prepar ed for 
me tallographic observation. 
All samples for metallogr aphic examination were first 
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ground flat wit h sil icon carbide paper, s t arting with number 
320 and proceeding t hrough numbers 400 and 500 to finish with 
nu1nber 600. After a preliminary polish with 400 grit silicon 
carbide suspended i n water on a canvas lap, t be samples were 
polished with iinde A alumina abr asive suspended i n water on 
an Adolph Buehler Microcloth lap .. This final polish was 
satisfactory for all the alloys except the zirconium sol id 
solutlon. For t h e latter a few. drops of an ammonium-
biflouride acetic acid solution were added t o the water of 
the final polish . This produced an etch P.olish and a satis-
factory surface. Alloys polished in this manner requi red no 
subsequent etching . 
Alloys containing 5 to -60 w/o Co we~e etched with a 
solution of three parts by volume of concentrated nitric acid 
to one part of 48 percent hydrofluori c acid . Alloys contain-
ing 60 to 82 w/o Co were etched with a solution of 5 ml .-· of 
48 percent hydr ofluoric acid , 3 ml . of concentrated nitric 
acid , and 50 ml . of ethylene glycol in 42 ml . of water . This 
latter etch 1vas also used to give a lighter etch on the 5 to 
60 w/ o Co alloys for exaniination at hi gher ma gnification. 
Alloys contain ing 82 w/o Co or more were etched with a 
solution of 10 ml . of concentrated nitric acid in 90 ml . of 
absolute ethanol, 'l:hese etches were all appl ied by swabbing 
and required from 10 to 30 seconds to reveal the micro-
structure . 
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Thermal Analysis 
Since the nature of the alloys made the pr oduction of 
wires for ~lectrica l resistance measurement difficult, it was 
decided to investigate the nature of the solid state t rans-
formations by differential thermal analysis . 
In the study of the cobalt transformation, a nickel 
standard was matched to the sample in shape and weig,ht . The 
sample was a slice from an arc-mel ted button simil ar to the 
melting point samples. Three chromel- al umel ,thermocouples 
were employed . Two were attached to the sample and one to ' 
the standard. One of the sampl e thermocouples was connected 
to t he standard thermocouple so as to oppose its emf . Thus 
a temperature signal and a difference signal were provided. 
At low heating rates ver y accurate measurement of the 
ther mocouple emf ' s could be made witb a Rubicon potentiometer .• 
At high heai..ing or cooling rates this was too slow so the 
thermocouples were connected to the x and y axes of a Moseley 
Autograph ·recorder to provide a continuous measurement of 
temperature versus temperature difference . 
This method.was unchanged for the alloys of hi gh zirconi-
um content except that a niobium standard was used . 
X- ray Diffraction 
X-ray diffraction was used to confirm those compounds 
I 
wl1ose crystal structures wer e known and to help determine the 
composition range of the Laves phase ZrC02• All of the x-ray 
13 
work was done with Debye-Scherrer patterns of powder samples . 
The powders were prepared both by crushing and by filing . 
Both zr2co and zrco2 were sufficiently friable to be crushed. 
The ZrCo phase had to be filed . All of the powders were 
sifted and only the - 250 mesh portion was used . The filed 
powdexs were treated with .a magnet to remove any iron 
contamination introduced by filing and then stress relieved 
for one hour at 600°C before the patterns were made . The 
crushed powders required no stress relief . 
The diff raction patterns were made in a 114 mm . Debye- · 
Scherrer camera witn Strauman:Ls type film mounting. Fused 
silica .:f'ibers coated with silicone grease supported the 
powde·rs . The radiation was nickel filtered copper Ka 
radiation provided by a General Electric XRD- 4 unit. 
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EXPERIMENTAL RESULTS 
The phase diagr am. as determined in this investigation 
is shown in Figur e 1 . Five intermediate phases are f6rmed, 
two of which decompose peritectically while the others mel t 
congruently. The eutectic compositions, the compositions 
of the congr uently l!lelting compounds , and the locations of 
the ends of the peritectic horizontals were obtained from a 
metallographic study of the as- cast alloys . The solidus 
points were determined by the me thod described in t he 
preceding section. Xwr ay diffraction was, helpful in locati ng 
the boundaries of the Laves phase and in confirming t he . 
compounds zr2co and ZrCo . 
The Compounds 
The crystal structur es , l attice parameters, and compo-
sitions of several i ntermetallic compounds of cobalt with 
zirconium were deter mined in t his investigation. A powder 
diffraction pattern of the compound zr2co was indexed accord-
ing to the tetra6onal structure found by Bailey and Smith 
(10 ) and the lattice parameters were determined by a least 
squares extrapolation to eliminate absorption errors . The 
0 
values determined in t his manner were 6 .366 A for a0 and 
5. 14~- A for c0 • The microstr ucture of a sintered alloy with 
t he stoichiometric composition of this compound (24.42 w/o 
Co) i s sh0'11m i n Figure 2 . 
Figure 1. The zir coni:u.m- cobalt phase diagram 
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Figure 2. 
Figure 4. 
The compound 
zr2co (24.1.1-2 w/o Co) sintered 20 
hrs. at 950°c 
500 X 
The compound 
ZrC04 ( 56 w/o Co ) 
sintered 10 hrs . 
at 1400°C 800 X 
Fi gure 3. 
Figur e 5. 
The compound 
ZrCo with a small 
-amount of either 
zr2co or zrco2 
annealed 36 hrs . 
at 1200°c 120 X 
The compound 
ZrC02 ( 60 w/o Co) 
sintered 10 hrs . 
at 1400°C 500 X 
The above alloys were etched with a solution of 5 ml . 
o~ 48% hydrofluoric acid, 3 ml. of concentrated n~tric acid, 
and 50 ml. of ethylene glycol in 42 ml . of water . 
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The compound zr co occurs at 39 . 25 w/o Co . X-ray 
diffraction data indicated a body centered cubic struct;ure 
with a lat tice parameter of 3,196 A in agreement with Dwight 
(9). Fi gure 3 i llustr ates t he microstructure of an alloy 
wbicb is nearly pure z:rco . 
The Laves phase zrco2 was found to form a solid solution 
fiel d extending from 55 to 62 ·w/o Co at about 1400°C. X- ray 
diff:t•ac tion data from sinte.r ed alloys which were allowed to 
cool rapidly f rom the sinte:ring temperature of 1~-00°C showed 
0 
th~t the l attice parameter decreases from 6 .960 A a t 55 w/o 
0 
Co to 6.878 A at 62 w/o Co . This range i ncludes all the 
values reported by previous investigators (6, 7, 8) none of 
whom, . however, reported a r ange of solubility. The results 
of t his x- ray study are listed in Tabl e 1. When t he data of 
'.1:able 1 are plotted as lattice parameter versus corJposition 
(Figure 6 ) the extent of the solid solution field is readily 
s een. The lattice parameter changes only i n the single phase 
field and remains constant in the adjoining two phase fields . 
Figures 4 and 5 show the microsti.~uctures of two sinte red 
alloys from t his single phase field . 
The compositions of' the two peritectic compounds were 
determ:lned by metallographic anal ysis t o l)e 72 . 1 w/o Co 
(ZrCoi+) and 78 . 0 w/o Co (Zr2co11 ) . The microstructures of' 
alloys witb compositions n ear the stoichiometric compositions 
of t hese compounds are show.n in Fi gures 7 and 8 . The c17s t al 
Figu;re 6 . The variation of lattice parameter with composition 
for the Laves phase zrco2 
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Figure 8 . 
The compound ZrCot (72.l w/o Co ) with a .small 
amount of either ZrCo~ or zr2co11, from a melting point sample heated to the first sign of melting 
then cooled slowly 500 X 
The compound Zr2co11 (78 . 0 w/o Co) with small 
amount of either ZrCoti- or cobalt solid solution, 
from a melting point sample heated to the first 
sign of melting and cooled slowly 500 X 
The above alloys were etched with a solution of 5 ml . of 
1+8% hydrofluoric acid, 3 ml . of concentr ated nitric acid , and 
50 ml . of ethylene glycol i n 42 ml. of water. 
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Table 1 . Results of the x- ray . diffraction study of the Laves 
phase ZrC02 
Composition ,Lattice 0 
w/o Co parameter A 
53 6 . 960 
55 6 . 958 56 6. 950 
57 6.941 
58 6.929 
59 6.914 
60 6.907 
61 6 . 886 
62 6.878 
63 6. 878 
64 6.876 
66 6.879 
structures of these alloys were not determined in this 
investigation. 
The Isotherm and Solidus Temperatures 
'I'be melting point data are listed in Table 2 and also 
plotted on the diagram i n Figure 9. The addition of cobalt 
to zirconium results in the,formation of a eutectic at 15 
w/o Co and 981°c . Figures 10 and 11 show primary zirconium 
solid solution dendrite~ in a matrix of this eutectic . The 
solubility of co.balt in zirconium at the eutectic temperature 
is shown to be l~s.:i thr>.n 3 w/o Co by the microstructure of 
the 3 w/o Co alloy which contains an appreciable excess of 
second phase. Figure 12 is a photomicrograph of a 15 vrlo Co 
Tabl e 2 . Melting point data 
w/o Co 
5. 0 
10 . 0 
).2 . 5 
1 5. 0 
20.0 
24.4 
30. 0 
32 . 5 
35. 0 
37 . 5 
39 . 5 
42 . 5 
l1-5 . O 
52 , 0 
55.0 
57. 0 
59 . 0 
60 . 0 
61 . 0 
62 . 0 
63 . 0 
66 ~0 
70 . 0 
72 .1 
7t1- .4 
75. 0 
78 .. 0 
80 . 0 
85. 0 
90.0 
95. 0 
25 
Solidus, °C 
978a 
983 
983a 
983a 
981 
1123 
1055 
1065a 
1058 
1067 
1305 
1308a 
1302a 
1311 
1539 
1519 
1509 
1 510a 
1507 
1497 
1476a 
1456 
1439 
1265 
1265 
1270 
1264 
1227 
1225 
1220 
1230 
_______ , __ .,_. _______________ _ 
aAverage of two determinations . 
alloy which i s the eutectic composition. Figure 13 shows 
pr imar y cr ystals of the compound Zr 2Co i n t his 15 w/ o Co 
eut ectic . This compound which terminates tbe peri tectic 
' 
hori zontal melts congruently at 1123°c . 
Figure 9. Melting point data for the zirconium-cohal.t system 
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Figure 10. 3 w/o co, arc- Figure 11. 
cast, zirconium 
solid solution 
·wi t .h excess Zr2Co 
500 X 
Figure 12. 15 w/o Co , arc- Fi gure 13. 
cast, the 
zirconi um ... zr::iCo 
eutectic 680 X 
lO w/o Co , a.re -
cast , dendrites of 
zirconium solid 
solution i n eutec-
tic matrix 250 X 
22 . 5 w/o Co, arc-
cast, Zr2Co in a 
eutectic matrix 
500 X 
The above all oys were etched with a solution of three 
parts by volume of concentrated nitric acid to one part of 
11-8% hydrofluoric acid • 
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The second eutectic which forms at 26 w/ o Co and 1061°C 
is shown i n Figure 14 . The constituents of this eutectic 
are zr2co and zrco . Fi gur es 1 5 and 16 illustrate the mi cro~ 
structures of alloys which freeze on the zrco side of t his 
eutectic . The melting point of zrco was not determined, but 
from the behavior of alloys contai ning 39.5 and 40 w/o co , it 
is thought to be l ess than 1400°C . 
At 42.5 w/o Co and 1305°c ZrCo forms a eutectic with the 
Laves phase zrco2 • The photomicrograph in Figure 17 is an 
arc- cast sample of t h is eutectic . The photomicrograpns in 
Fi gures 18 and 19 of 47 . 5 and 52 . 5 ~/ o Co alloys show primary 
dendrites of zrco2 in a matrix of the 42.5 w/o Co eutectic . 
The Laves phase forms a solid solution extending f r om 55 
to 64 w/o Co a t t he solidus. In t h is r ange the solidus 
r eaches a maximum at 1539°c and 56 w/ o Co, then slopes 
gr aduall y to intersect t be 1447°C peritectic isotherm at 
64 w/ o Co . 
The compound zrco4 decomposes peritectically at 1447°C to 
for m zrco2 and liquid . Conversely, on cooling t hese two 
materi als must r eac t to form the compound. This produces the 
non- equilibrium microstr uc t ure typical of a peritectic . The 
primary dendr ites of Zrco2 are attacked by the liquid to form 
zrco4• As soon as a coating of solid ~rco4 is formed on the 
dendrites, i"t acts a s a barrier to further r eaction and the 
non- equilibrium microstr uc ture r esul ts . Figures 20 and 21 
Figure 14. 26 w/o co , arc-
cast, the zr 2co-ZrCo eutectic 
500 X 
Figure 16. 35 w/o co, arc-
cast, ZrCo 
dendrites in a 
eutectic matrix 
500 X 
Figure 15. 27.5 w/o Co, arc-
cast, ZrCo 
dendrites in a 
eutectic matrix 
500 X 
Figure 17. 42 . 5 w/o co, arc-
cast, the zrco-
ZrC02 eutectic 
680 X 
The above alloys were all etched with a solution of three 
parts by volume of concentrated nitric acid to one part of 48% 
hydrofluoric acid . 
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Figure 18. 47. 5 w/o co , 
arc- cast, zrco2 dendrites in a 
eutectic matrix 
500 X 
Figure 19. 52. 5 w/ o co, 
arc-cast, zrco2 
dendrites in a 
eutectic matrix 
500 X 
The above alloys were etched with a solution of three 
parts by volume of concentrated nitric acid to one paJ:.>t of 
48% hydrofl uoric acid . 
Figure 20. 70.7 w/ o Co, 
arc-cast , ZrC02 
dendrites sur-
rounded by ZrC04 
with r emainder 
Zr2Co11 500 X 
Fi gure 21. 76 .5 w/ o Co, 
arc-cast, Zr C02 
dendrites re-
pl aced by ZrC04 
with remainder 
Zr 2Co11 500 X 
The above alloys were etched wi th a solution of 5 ml. 
of 48% hydrofluor ic acid, 3 ml. of concentrated nitric acid, 
and 50 ml. of ethylene glycol in 42 ml. of wat er . 
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show the microstructu.res of alloys which froze i n this manner. 
This peritec tic isother m ends between 76 . 5 and 77.5 w/o Co as 
shown by the photomicrographs 0£ Fi gur e s 21 and 22 . 
l'he microstructure of the 77. 5 w/o Co alloy in Figure 22 
is characteristic of alloys which have cooled through t he 
zr 2co11 isother m at 1265°C . In t his microstructur e t be 
primar y crystal is ZrC04. These needle- shaped dendrites are 
att acked by the liquid to form zr 2co11·• The compound Zr2co11 
is deposited until the eutec t ic temperature, 1225°c, is 
reached at which time the remaining liqui d freezes as the 
86 w/o Co eutectic . The microstructures shown in Figur es 
23 and 24 i ndicate that t his peritectic isoti .. a:rm ends between 
80 and 82 w/o Co . In the 82 w/o Co alloy the primary crystals 
are zr2Co11 and there is no evidence of peritectic rimming . 
The final eutec tic of this system forms at 86 w/o co 
and 1225°C between the cobalt solid solution and Zr2co11• 
Figure 25 wh ich shows t he micr ostructure of an arc- cast 86 
w/o Co alloy illustrates the finely l aminated structure of 
t his eutectic. In the 90 w/o Co alloy cobalt dendrites form 
i n a eut ectic matrix as is shown in Fi gure 26 . l'he eutectic 
isotherm -extends t oward t he cobalt end of the diagram to a 
composition gr eat er t han 99 . 5 w/o Co. This is shown by the 
two phase microstructur e of t he 99 . 5 w/o Co alloy depicted 
i n Fi gure 27 . 
Figure 22 . 77. 5 w/o Co, Figure 23 . 
arc-cast, primary 
dendrites of 
.ZrC04 rimmea. 
with. zr2co11 in 
a matrix of 86 w/o 
Co eutectic 680 X 
80 w/o co, 
arc- cast , prDnary 
dendrites of 
ZrC04 rimmed 
with Zr2COJ.1 _in 
a mat r ix of 86 w/ o 
Co eutectic 680 X 
The above alloys were etched with a solution of 5 ml. 
of 48% hydrofluoric acid, 3 ml . of concentrated nitric acid , 
and 50 ml. of ethylene glycol in 42 ml . of water. 
Figure 24. 82 w/o co, Figure 25, 
ar c- castt primary 
dendrites of 
Zr2Co11 in a 
eu'Eec tic matrix 
5'00 X 
86 w/o Co, 
ar c - cast , the 
zr 2Co11 ... cobalt 
eutectic 500 X 
The above alloys were etched wit h a solution of 10 ml. 
of concentrated nitric acid in 90 ml. of ethanol. 
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Figure 26 . 90 w/o co, arc-c&st, dendrites of cobalt solid 
solution in a eutectic matrix 500 X 
Figure 27 . 99 . 5 w/ o Co, arc-cast, cobal t solid solution 
with excess zr2co11 
The above alloys were etched with a solution of 10 ml. 
concentrated nitric acid i n 90 ml. of ethanol. 
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The Allotropic Tr ansformations 
The temperatures of the reaction isotherms associated 
with the allotropic transformations of zirconium and cobalt 
were determined by differential thermal analysis . The trans-
formation temperature for cobalt-saturated zirconium was 
determined in a l loys containing 5 w/o Co and 12.5 w/o Co to 
_ be 826°c as compared with 863°c for pure zirco11ium . 'l)he 
transformation temperature in zirconium saturated cobalt was 
determined on heating using a 95 w/o Co alloy and was found 
to be 375°C compared to 420°C found on beating pure cobalt . 
The lower transformation temperatures in the solid 
solutions indicate that eutectoid reactions occur at both 
ends of the diagram. 
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SUMMARY 
The zirconium-cobal t phase diagr am was i~vestigated by 
metallographic, melting point , x- r ay diffraction and t hermal 
analysis methods. Five intermediat~ phases, Zr2co, zrco, 
zrco2 , ZrC04 and zr 2co11 , are formed . The. first three of 
these melt congruently while t he latter two decompose 
peritectically. Four eutectics are formed. The eutectics 
occur at 15 w/o Co and 981°c, 26 w/o Co and .1061°C, 42 •. 5 w/o 
Co and 1305°c and 86 w/o Co and 1225°C. The · compound zr2Co 
0 
has a tetragonal crystal structure with a0 equal to 6 . 366 A 
0 
and -.c0 equal to 5.144 A. The ZrCo phase has a body centered 
cubic structure with a lattice parameter of 3. 196 K. The 
phase zrco2 is a Laves phase of the Mgcu2 type . This phase 
forms a solid solution extending from 55 to '64 w/o Co at the 
solidus. The lattice parameter varies from a maximum of 6 . 960 
0 0 A to a minimum of 6 . 878 A. The compound ZrC04 decomposes at 
1447°C and the compound zr 2co11 decomposes_ at 1265°C. The 
reaction isother ms associated with t he allotropic transforma-
tions of the parent metals were f ound t o occur at 826°C for 
t he zirconi um transformation and 375°c for the cobalt trans-
formation , The termi nal solubilities were found to be less 
than 3 w/o Co in zirconium _and less than 0.5 w/o Zr in 
cobalt . 
SUGGESTI ONS FOR FURTHER RESEARCH 
While thi s investiga t ion has es t ablished the general 
shape of the zirconi um- cobal t phase diagr am , fur ther r esearch 
would be justified on sever al areas of t his diagr am. The 
compounds Zr Co4 and Zr 2Co11 wer e loca ted by me t allography and 
should be confirmed by x- ray diffraction. Al though determina-
tion of the crys t al structur es of t hese compounds would 
probabl y require x- ray analysis of ~ingle cr ystals , t he 
ranges in which they occur could be deduced from a careful 
comparison of t he powder dif fraction patterns of all oys i n 
t hese r anges . This work shoul d be done on all oys prepared by 
powder me t allur gy t o avoi d the non-equilibrium phases i ntr o-
duced by peritect ic reactions occurring in cast alloys . 
The terminal solubilities and t he eut ectoid points 
should be determi ned because of their i mportance to t he 
under standing of heat treat i ng t echniques and h i gh temper atur e 
behavior . Alloys near·the sol ubility limi t s should be 
suf f iciently ductile to permi t t he maki ng of wire s r equired 
for t empera t ure- r esistance measurements . 
The solubility r ange of the Laves phase at lower tem-
per atures could be de·termi ned more exact l y . To do t his tbe 
varia tion of l attice par ame ter with composit i on at an 
el eva ted temper a t ure shoul d be established b'y quenchi ng a 
series of al l oys from t he same temperatu~e and deter mi ni ng 
t hei r l attice parameters f r om powder diffraction pa tterns . 
>+3 
The solubility at any lower temperature can then be 
determined by quenching from that temperature an alloy 
containi ng excess zrco and one containing excess ZrC04. The 
lattice para.meter of saturated Laves phase at the quench 
temperature ean then be determined by x- ray diffraction and 
the composition limits of the Laves phase at the quench 
temperature read from the lattice parameter composition 
curve . 
'.1.he solubility ranges of the other intermediate phases 
in this sy.stem should be checked by a comparison of precision 
lattice parameters determined in alloys from the two phase 
regions on either side of each compound. 
2. 
3, 
4. 
7• 
8. 
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Table 3. Anal ysis of the zirconium used in this investigation 
El ement 
Al umi num 
Calcium 
Carbon 
Chromiu.m 
Copper 
Hafnium 
Hydrogen 
Iron 
Magnesium 
Nickel 
::i trogen 
Oxygen 
Titanium 
Content 
ppm 
30 
trace 
100 
30 
trace 
not detected 
31 
<200 
tr.ac-e 
;20 
22 
85 
20 
T~ble 4 . Analysis of the cobalt used in this investigation 
Element 
Aluminum 
Calcium 
Copper 
Iron 
Magnesium 
:tv.Ianganese 
1·: ickel 
Content 
faint trace 
trace 
faint trace 
faint trace 
faint trace 
weak 
weak 
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Table 4. Analysis of the hi gh- purity cobalt used for t his 
investigation 
Element 
Content 
ppm 
- ---- ----- - ------·----
Silicon 
Calcium 
Iron 
Copper 
J,~a gnesium 
Silver 
Sodi um 
5 
3 
3 
1 
.C::-1 
< l 
< 1 
